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ABSTRACT 
The Arnold Engineering Development �enter (AEDC) offers the aerospace 
community a number of test facilities for evaluating turbine engine opera}>ility, 
performance, and durability at simulated altitude conditions. The accomplishment of 
these tasks generally requires the measurement of the airflow rate used by the engine. 
Applying the direct-connect method, the AEDC turbine engine test facilities use 
measurements of the airflow through the air supply duct, typically obtained from venturi 
installations, to determine the engine airflow rate. 
The AEDC initiated an airflow measurement technique investigation to address 
turbine engine test requirements with respect to both airflow measurement accuracy and 
costs. The accuracy improvement component focused on the venturi discharge 
coefficient, motivated by observed differences in discharge coefficient between various 
calibrations as well as a dearth in the understanding of the discharge coefficient 
sensitivity to parameters known to vary from facility to facility. These include not only 
the geometry of the particular installation, but the flow quality delivered to the venturi by 
the facility. The understanding of the bridge between the calibration laboratory and the 
test facility application is needed to better quantify the accuracy achieved in turbine 
engine tests. 
This thesis focuses on three specific objectives that contribute to the accuracy 
improvement initiative: (1) verify the currently used AEDC venturi discharge 
coefficients, (2) determine the applicability of the laboratory calibrations of the discharge 
111 
coefficient to actual turbine test facility installations, and (3) identify any parameters 
influencing discharge coefficient that should be addressed in the accuracy improvement. 
The experimental approach consi_sted of two parts. The first centered on repeating 
experiments and verifying the data set that formed the basis for the currently used AEDC 
discharge coefficients. The second focused on directly measuring the influence of the 
flow quality, venturi geometry, and venturi installation parameters on discharge 
coefficient. Execution of this approach demanded the development of a unique test 
facility and flow-field probing systems that permit the measurement of the detailed flow 
field in the venturi throat. The detailed flow-field measurements provided the mass flux 
distributions which, when integrated, provided the venturi mass flow and a calibration of 
the discharge coefficient. The calibrations were compared to the historical data that 
define the currently used AEDC discharge coefficients. Subsequently, two venturis 
calibrated in that fashion served as reference venturis for the influence coefficient 
determinations. The influences were investigated by subjecting a test venturi to 
systematic variations in key flow quality, geometry, and installation parameters and 
measuring the response relative to the reference venturi. 
This thesis provides the results of both sets of experiments. These include the 
comparisons of the detailed flow-field characteristics in the venturi throat as well as the 
discharge coefficients between the historical data and the present data. The results 
substantiated the historical discharge coefficients. Next, the thesis provides results of the 
parametric investigation showing the sensitivity of the discharge coefficient to parameters 
that vary from facility to facility. These include the flow quality parameters of total 
IV 
pressure, swirl, and turbulence as well as key installation parameters such as the 
proximities between the venturi inlet and the plenum wall and the plenum bulkhead. The 
thesis also provides results pertaining to installations characterized by a number of 
venturis mounted adjacent to each other on a common bulkhead. Finally, the thesis 
provides the measurements of the effects of venturi surface degradation. The sensitivity 
measurements showed that the discharge coefficient of a choked venturi is relatively 
insensitive to many of the parameters that differ between the laboratory environment and 
the turbine engine test cell substantiating the practice of directly applying the laboratory 
discharge coefficients. However, the results also revealed parameters that should be 
considered in improving the accuracy delivered in test installations and the need to 
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Turbine engine ground test facilities provide the aircraft system developer the 
means to evaluate propulsion system configurations at various stages of the vehicle 
development and deployment cycle. Early in the development of a new system, the 
ground test facilities furnish the information necessary to help ensure that the design 
process converges to a vehicle that meets the mission objectives. In this role, the turbine 
engine test facility helps predict the performance, operability, and durability of an engine 
installed in an aircraft, enabling the designer to make valid design decisions prior to 
prototyping. Performance encompasses such parameters as turbine engine thrust and fuel 
consumption which, in turn, influence the entire spectrum of aircraft performance 
including takeoff, maneuvers, fuel consumption, range, duration, and landing. 
Operability involves such parameters as engine surge margin when subjected to the 
distorted flow developed by the airframe and inlet. Durability involves evaluations of the 
structural integrity of the system components. 
As the vehicle development cycle progresses, the turbine engine test facility 
provides performance, operability, and durability information necessary to refine the 
design and prevent shortfalls in the fielded system. Following the fielding of a system, 
the ground test facility continues to serve in the development of system upgrades and in 
the resolution of problems that may arise. In each case, the task of the turbine engine test 
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cell centers on providing the needed simulation fidelity early enough to reduce the overall 
system development costs and risks. 
The simulation fidelity required by the turbine engine test cell depends to a large 
extent on the objectives of the particular evaluation. Performance tests and operability 
tests inherently emphasize different parameters. Likewise different types of aircraft may 
emphasize somewhat different parameters. For example, a transport aircraft designer 
may focus primarily on fuel consumption and range while a fighter aircraft designer may 
focus on avoiding surge during the rigors of combat maneuvering. Thus, the class of 
aircraft system, the particular evaluation objectives, and the maturity of the system affect 
the parameters of interest and the fidelity required. However, common to most turbine 
engine ground tests is the requirement to accurately quantify the engine airflow rate. 
With respect to airflow rate, the variation in aircraft systems and test requirements may 
translate to variations in airflow accuracy requirements. 
The Arnold Engineering Development Center (AEDC) provides the services of a 
cadre of turbine engine test cells to meet a variety of needs. During the past decade, the 
AEDC mission with respect to turbine engine testing has encompassed propulsion 
systems pertaining to a wide range of aircraft classifications. These include unmanned air 
vehicles (UA V), fighter aircraft, bomber aircraft, and transport aircraft. The acquisition 
of the required airflow measurements to meet the needs of such test programs represented 
a significant task in the test process. As a result, the improvement of airflow 
measurement techniques for turbine engine test facilities became part of a continuous 
effort to improve the test and evaluation services that AEDC provides. Improving the 
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fidelity of the airflow measurements and reducing the costs associated with those 
measurements have become key elements in the AEDC aeropropulsion technology 
investment strategy. 
The AEDC initiated an airflow measurement technology development program to 
improve the airflow measurement state of the art. The initiative included objectives 
addressing the verification of airflow measurement accuracy, the development of 
accuracy improvements, and the development of alternative airflow measurement 
techniques that offer the potential for substantial test cost reductions. This thesis focuses 
exclusively on the accuracy objectives of the initiative. References 1 and 2 may be 
consulted for summaries of the cost reduction efforts. 
The remainder of Section 1.0 provides additional background information that 
illustrates the motivation for selecting the specific objectives of the investigation and the 
approaches to satisfying those objectives. The presentation begins with a sUI1lillary of the 
airflow measurement methodologies used in turbine engine tests including descriptions of 
the apparatus and processes. Next, the description introduces the accuracy issues that 
defined the scope of the investigation. Finally, the description provides an overview of 
the technical approach selected for addressing the issues. Subsequent sections of the 
thesis then focus on the execution of the technical approach describing the experiment 
apparatus, instrumentation, procedures, analysis, and results. 
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1 .2 AIRFLOW MEASUREMENT IN DIRECT-CONNECT TURBINE ENGINE 
TESTS 
An appreciation for the role that airflow rate assumes in the evaluation of turbine 
engines in ground test facilities may be realized through examination of the equations for 
thrust. References 3 and 4 summarize methods of determining turbine engine thrust 
during ground tests. A commonly used method, called the scale force method, applies 
force measurements provided by an external balance. This so-called scale force 
measurement, in conjunction with pressure-area and momentum force components, 
provides the gross and net thrust. Gross thrust equates to the sum of the engine-face 
momentum, engine-face pressure-area terms, and the scale force measured by the thrust 
stand. Net thrust is simply the gross thrust with the product of engine mass flow rate and 
free-stream velocity subtracted. Reference 3 provides the equations describing gross 
thrust and net thrust as well as the influences of various parameters on the uncertainty in 
thrust. The equation for the net thrust is of the form: 
( 1 ) 
As a result, the mass flow rate (W 1 ) affects the net thrust through an influence coefficient 
of the form: 
4 
(2) 
The airflow rate accuracy has a significant effect on thrust measurement accuracy. The 
influence coefficients presented in Refs. 3 and 4 show that a 1 % error in the airflow rate 
measurement may yield a 0.3% error in the thrust determination. Thus, a 0.4% to 0.5% 
airflow measurement error, typical of current tests, may yield a 0.1 % or 0.2% thrust 
measurement error. The influence of the airflow rate measurement on thrust propagates 
to the turbine engine performance assessment and ultimately to the evaluation of the 
flight vehicle performance. Therefore, the fidelity in airflow measurements becomes a 
key consideration in the ground test evaluation. 
The direct-connect test serves as the mainstay of turbine engine tests in the AEDC 
altitude test facilities. The methodology earns its name from an installation characterized 
by a direct-connection between the turbine engine and air supply duct as shown 
schematically in Fig. 1 (figures and tables appear in the Appendixes). A bellmouth 
provides the transition from the test cell plenum to the engine air supply duct. The air 
supply duct diameter matches the engine face diameter and so is unique to the particular 
test. A thrust stand typically supports the engine in the test cell and provides the scale 
force measurements. The engine exhaust enters a diffuser, which uses the flow 
momentum to augment test facility exhaust plant pumping. 
The simulation of the flight environment in the direct-connect test is based on 
establishing conditions of Mach number, pressure, and temperature in the air supply duct 
5 
equal to the conditions delivered to the engine face by the aircraft inlet diffuser duct. For 
example, the simulation of a fighter aircraft at supersonic conditions generally entails the 
establishment of the corresponding subsonic flow conditions that exist following the 
deceleration and pressure recovery processes of the aircraft inlet system. By establishing 
the altitude pressure conditions in the test section, surrounding the engine, the 
methodology simulates flight conditions at the nozzle exit. However, the simulation 
neglects the external flow over the nozzle. 
The direct-connect method provides the means to evaluate turbine engine 
operability as well as performance. Operability tests employ screens or other devices 
mounted forward of the engine in the air supply duct to subject the engine to distorted 
flows similar to those delivered by the inlet. The inlet distortion patterns are often 
determined in wind tunnel tests of the inlet-forebody combination. 
The direct-connect test installation generally includes provisions for measuring 
airflow rate as required for the determination of performance parameters such as thrust. 
The AEDC turbine engine test facilities generally use critical flow venturis, essentially 
choked converging-diverging nozzles, to relate measurements of total pressure and total 
temperature to airflow rate. A typical venturi installation in a direct-connect test appears 
in Fig. 2a. In such an installation, the venturi is mounted upstream of the test cell plenum 
in the air supply duct. The plenum, containing a flow-straightening grid, serves to 
establish uniform conditions a the entrance of the bellmouth feeding the engine air 
supply duct. 
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Although a single venturi may be employed as shown in Fig. 2a, a number of 
facilities use an array of venturis as shown in Fig. 2b. The use of a venturi array permits 
the optimization of effective venturi area commensurate with the particular test flow rate 
requirements. Thus, the number of venturis activated for a given test may be chosen to 
establish the required overall venturi throat area. 
1.3 VENTURI AIRFLOW MEASUREMENT METHOD 
1.3.1 Fundamental Methodology 
The venturi provides a method of determining the airflow rate from the 
measurement of fundamental test parameters. In the ideal case, the mass flow through the 
venturi throat is simply the product of the airflow density, throat area, and airflow 
velocity: 
(3) 
For compressible isentropic flow of a perfect gas, this may be written: 
( 4) 
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In terms of stagnation pressure (Ptio) and stagnation temperature (T�), Eq. ( 4) may be 
written as: 
r+t 
Wl = P A M  gcr (1 + y - l  M 2 )-,-t co ' co RTt 2 ao co (5) 
For air with a specific heat ratio of 1 .4 and a gas constant of 53.34 lbf-ft/lbm-R, Eq. (5) 
becomes: 
WI = 0.91 895 
PtcoM co A, 
(1 + 0.2M00
2 J .Jft: 
If sonic or choked conditions exist at the venturi throat, the ideal airflow can be 
calculated from measurements of throat area and the stagnation conditions as follows: 
y+I 
WI = Pt«JAI gcr 
(-2-J r-t 
RTtco y + l 





WI = 0.53 1 8  Pttt:J A, 
.Jn: 
(8) 
Equation (8) shows that operation of the venturi at choked conditions eliminates the 
dependence on M. The next section will show that by eliminating this parameter, 
operation of the venturi at choked conditions avoids a major contributor to the airflow 
measurement uncertainty. As a result, test operations generally include provisions for 
matching venturi throat area to the engine airflow demands in order to maintain choked 
conditions. Single-venturi installations, illustrated in Fig. 2a, require exchanges of 
venturi apparatus in order to match the throat areas with those required for choking at the 
various flow rates. The cost advantages of providing this match without exchanging 
venturi apparatus motivated the use of venturi arrays as shown in Fig. 2b. 
The determination of the ideal airflow rate using a venturi in a turbine engine test 
facility requires measurement of the parameters appearing in the Equations (3)-(8). 
During operations in the unchoked mode, instrumentation rakes distributed over the cross 
section of the air supply plenum chamber sense the stagnation conditions of total 
temperature and total pressure. Static pressure orifices at the venturi throat provide the 
measurements needed to define the throat Mach number. Choked operations eliminate 
the need to measure the throat static pressure and require only the plenum chamber rakes. 
The ideal calculation of airflow rate assumes uniform flow conditions across the 
venturi throat, hence a uniform mass flux. In reality, non-uniform conditions exist. 
Within a venturi supplied by perfectly uniform conditions, two effects contribute to the 
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non-uniformity. First, viscosity leads to the development of a boundary layer along the 
venturi wall. The viscosity-dominated boundary layer flow yields a variation in velocity 
from the sonic stream conditions in the core flow to zero at the wall. Thus, with respect 
to an inviscid flow, a mass flow defect exists in the boundary layer region. The venturi 
behaves as if a further contracti n in area exists at the throat. Secondly, the core flow 
region outside the relatively thin boundary layer also fails to achieve the ideal uniform 
flow conditions. Although viscous effects exert little influence on the core flow, the 
streamlines are bent by the centrifugal forces experienced by the flow as it curves around 
the contraction section of the venturi. The streamline curvature yi�lds a variation in the 
Mach number over the throat area and therefore a variation in mass flux. Figure 3 depicts 
the viscous and streamline curvature effects. 
The venturi discharge coefficient, sometimes referred to as the flow coefficient, 
relates the ideal and the actual venturi flow rates accounting for the non-uniform throat 
conditions. Specifically, the id1eal flow rate multiplied by the discharge coefficient yields 
the actual flow rate. Thus, the discharge coefficient normally consists of a value less than 
one that must be determined through the application of computational fluid dynamics 
(CFD) or through an experimental calibration of the venturi. Although a lengthy process 
may be involved in establishing the discharge coefficient, once in hand the discharge 
coefficient simplifies the effort needed to determine the airflow during the engine test. 
The step from the readily detennined ideal airflow rate to the actual airflow rate is 
reduced to a multiplication: 
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(9) 
The discharge coefficient, Cd, represents the ratio of the actual mass flux 
integrated over the throat area to the ideal airflow derived assuming uniform throat 
conditions. Discharge coefficients predicted by fully viscous CFD solutions may simply 
apply the integral of the flow solution mass flux to determine W: 
Cd = _l ftr f' (pV'},-drdtp 
· WI .L 
( 1 0) 
However, the discharge coefficient can also be determined by treating the core and 
boundary layer flows separately in a manner analogous to the coupling of boundary layer 
solutions and inviscid solutions applied in many external and internal flow analyses. In 
this case, a viscous solution provides the boundary layer displacement thickness defined 
by: 
( 1 1 )  
The displacement thickness is subtracted from the throat radius to calculate an effective 
radius and a flow area that is lower than the geometric area. The ratio of the effective 
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area to the geometric area yields the vis cous component of the dis charge coefficient. This 
component may be express ed as the following: 
(1 2) 
Invis cid solutions of the core flow field provide the streamline curvature characteris tics, 
th e non-uniform velocities prodluced by the centrifugal forces . An integration of the mass 
flux with th e non-uniform core flow velocity distri bution in a ratio with th e uniform cas e, 
y ields the non-vis cous compone nt of the flow coefficient: 
1 £" r,-6 ( \.. 
Cd) InviscidCore = WJ pV ydrd</J 
In th is case WI is taken over the invis cid area. The product of th e tw o coefficients 
becomes th e overall flow coeffi cient: 
Cd = Cd) BoundaryLayer Cd) JnviscidCore 
( 1 3) 
(14) 
Th e exis tence of today's powerful vis cous CFO codes tends to reinforce the us e of th e 
firs t approach. However, h is torically th e compu tational s tate of th e art and economy 
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resulted in the use of boundary layer codes and inviscid core flow codes in the second 
method. 
Experimentally, the discharge coefficient may be determined in one of three 
methods shown in Fig. 4. The first, and perhaps most obvious, is to pass a known mass 
through the venturi during a measured time interval to establish the true flow rate. 
Normalization by the ideal flow rate yields the discharge coefficient. This method has 
been used for incompressible-flow calibrations, using water, for which the mass is easily 
determined. For compressible-flow calibrations using gases, the determination of the 
mass passed through the venturi requires considerably more effort. 
The second method establishes the discharge coefficient through direct 
comparison with a calibration reference, or secondary standard, flow rate-measuring 
device. In this case, the test venturi to be calibrated is mounted in series with the 
reference device. The actual flow rate provided by the reference may be normalized by 
the ideal flow rate determined by the test venturi to yield the discharge coefficient. The 
assumption that the same mass flow passes through both devices demands care in 
preventing leakage between the devices in the test facility. 
The third experimental method applies flow-field probing systems to measure the 
non-uniform flow conditions in the venturi throat. The resulting distributions in the flow 
conditions, and therefore mass flux, can then be integrated and normalized by the ideal 
flow rate to produce the discharge coefficient. In effect the procedures described for the 
CFO discharge coefficient are applied substituting flow-field measurements for the 
computed viscous flow field. In principle, this could be accomplished using traverses of 
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a pitot-static probe and a temperature probe. However, in practice such an approach may 
lead to insurmountable difficulf es. For example, a 5-in.-diam venturi may have a 
boundary layer less than 0.050 in. thick contributing significantly to the discharge 
coefficient. The difficulties stem from the task of adequately measuring flow profiles in 
such a small region. 
Historically, the probing method overcame the difficulties by applying the 
approach of separating the discharge coefficient into two components, as described 
above. Miniature boundary layer pitot probes provided the total pressure distribution in 
the viscous region of the flow field. Under the assumption that the static pressure in the 
boundary layer remains constant and that the total temperature equates to the plenum 
stagnation condition, a displacement thickness may be determined and used to quantify 
the boundary layer component of the discharge coefficient. A traversing static pressure 
probe or a pitot-static probe provided measurements of the core flow Mach number 
distribution for the purpose of quantifying the streamline curvature component of the 
discharge coefficient. 
The above discussion leads to the expectation that, in the case of a critical flow 
venturi, the discharge coefficient is a function of the Reynolds number and the shape of 
the venturi contraction section. This is found to be true, at least for the case of a venturi 
mounted in an infinite plenum so that the venturi alone shapes the flow field. The 
Reynolds number primarily affects the boundary layer displacement thickness and 
therefore the viscous componen of the discharge coefficient. The contraction section 
shape primarily affects the centrifugal force on the flow field and therefore the streamline 
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curvature component. As a result, for a given venturi shape and critical flow conditions, 
the streamline curvature component is a single value. 
Various investigators have conducted experimental calibrations of critical flow 
venturis that demonstrate the relationship between discharge coefficient and Reynolds 
number. Results of a number of such calibrations, as well as computed discharge 
coefficients, appear in Refs. 5 - 14 for a venturi configuration comprised of a circular-arc 
contraction section, the so-called toroidal-throat venturi. Amberg, in Ref. 15 ,  provides an 
excellent compilation of calibrations obtained from a number of sources. The various 
calibrations yielded a relationship between discharge coefficient and Reynolds number of 
the form: 
Cd = a - bREY-c ( 1 5) 
Calibration data curve fits using this form, yielded the following typical ranges of values 
for the constants when applied to specific Reynolds number ranges (Ref. 1 5): 
a: 0.9974-0.9985 
b: 3.032 - 3 .901 
c: 0.5 
In Ref. 1 5, Amberg also presents a universal curve fit to a combination of various 
calibrations compiled to cover a Reynolds number range wider than those of the 
individual calibrations: 
1 5  
Cd = 0.9959 - 2. 72REY--O.S ( 16) 
This relationship compares to the ASME standard equation: 
Cd = 0.9935 -1.512REY--O.S (1 7) 
Figure 5 contains a plot of the latter two curve fits to illustrate the basic variation of Cd 
with Reynolds number. 
1 .3.2 Venturi Airflow Measurement Accuracy 
The accuracy in the airflow measurements acquired using the venturi 
methodology depends on the accuracy in the various parameters contained in the venturi 
airflow equations. Thus, consi ering the unchoked airflow equation, the uncertainty may 
be expressed, in general, as a function of seven fundamental parameters: 
( 1 8) 
Some parameters; namely Ptoo, At, and Cd exert a stronger influence on the accuracy than 
others such as Ttoo. 
A key parameter that contributes to the uncertainty during unchoked operations is 
Meo, As Meo decreases, the uncertainty contribution increases. A plot of aw laM«)8W 
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appears in Fig. 6. The plot shows that the Mach number sensitivity increases rapidly at 
low values of Moo, and the uncertainty due to 6Mao can become the dominant error term. 
The uncertainty contribution from Mao results from the fundamental measurements 
used to determine Moo. These include the total pressure, Ptio, and the static pressure at the 
throat, Pao , For the isentropic flow of a perfect gas, the relation is: 




An influence coefficient for the pressure ratio uncertainty, 6(P «I Ptao), on 6Moo may be 



















(2 1 ) 
This result may be used to determine the influence of the static pressure ratio on 6W to 
yield the curve shown in Fig. 7. Consistent with the curve shown in Fig. 6, the plot 
shows a rapid increase in sensitivity as Pa:,!Pto increases CM«> decreases). 
Since the measurement of Moo involves the measurement of Pico and PCX), the 
unchoked ideal flow equation, Eq. ( 5), may be written in terms of these parameters by 
substituting for Moo. When combined with Eq. (9), the following relation results: 
With y = 1 .4 and R = 53.34 ft-lbf / lbm-°R this equation becomes: 
W = 2.05483(Ctl)A,Pt«J p«J _l_ 1- p«J 
. ( )0.71429 ( ( )0.28571 
J Pt«J Tt«J Pt«J 
Either of these equations may be differentiated to determine the influence of each 
measured parameter on the unc(ertainty. Differentiating Eq. (22) yields the following: 
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(31 )  
(32) 
(33) 
Generally, Ptx, measurement uncertainty depends primarily on the pressure 
transducer errors and accurate measurements can readily be obtained. However, the 
requirement to measure P oo during unchoked operation introduces the potential for 
significant errors. Static pressure measurements generally prove to be very sensitive to 
additional factors such as orifice location, orifice design, and orifice imperfections. As a 
result, the contribution of 8P oo due to errors unrelated to the pressure transducers can be 
significant. References 16-1 9 provide further discussions on orifice error contributions to 
static pressure measurement errors. 
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During choked operations, the airflow measurement uncertainty provided by the 
venturi method is a function of only six parameters: 
The influence of these parameters on the uncertainty are defined by the following 
derivatives shown along with the normalized forms: 
aw me ( 2 )�:: - = Pt A 
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Clearly, venturi operations in the choked mode avoid the significant errors introduced by 
Moo and the associated static pressure measurement issues. Thus, during choked 
operations, the venturi is inherently more accurate than during unchoked operations. As a 
result, turbine test operations g<enerally invoke every effort to maintain choked conditions 
in the venturi. The remainder of this thesis will focus on choked operations. 
The above discussion showed that the airflow measurement accuracy provided by 
a choked venturi during a turbine engine test depends on the accuracy of the stagnation 
condition measurements, accuracy of the venturi throat area measurements, and accuracy 
in the discharge coefficient characterization. The errors in the stagnation condition 
measurements consist of contributions from the plenum chamber probes/rakes, pressure 
transducers, thermocouples, data recording system, and data reduction procedures. The 
error in the throat area depends on the accuracy of the diameter or radius measurements, 
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the density of the measurement grid, and the characterization of throat area variations 
with respect to the operating environment (pressure and temperature effects). The 
uncertainty in the discharge coefficient depends on the calibration method used and the 
corresponding stack of experimental errors. As a direct multiplier on the ideal airflow 
rate, an accurate discharge coefficient is pivotal to an accurate airflow rate measurement. 
The assertion that the critical flow venturi discharge coefficient depends only on 
Reynolds number and venturi geometry requires the strong supposition that the venturi is 
sufficiently isolated from the environment that it alone shapes the flow field. In reality, 
the venturi is always part of a system comprised of finite-size air supply ducts, bulkheads, 
manways, instrumentation rakes, and other apparatus. Such features can, in principal, 
influence the venturi discharge coefficient. Furthermore, instrumentation used to define 
the stagnation conditions become part of the system. Instrumentation rakes may directly 
influence the flow characteristics entering the venturi. During calibration, the 
measurement errors in the stagnation conditions become part of the discharge coefficient 
errors. For unchoked operation, with subsonic throat conditions, throat static pressure 
instrumentation also becomes part of the system. Static pressure measurements generally 
prove to be very sensitive to orifice location, orifice design, and orifice imperfections. 
The historical practice at AEDC has been to operate the venturis with sonic throat 
conditions to avoid reliance on static pressure measurements, endeavor to measure 
stagnation conditions with a fidelity commensurate with the accuracy sought, and assume 
that the venturi installation variations between the various ETF facilities remain 
consistent with the required accuracy. 
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An examination of Fig. 2 shows that a considerable variation in the venturi 
installation exists between the ETF facilities. Figure 2a shows a single venturi forming a 
spool in the air supply duct. The venturi contraction section physically transitions into 
the pressure bulkhead. Figure 2b shows an array of much smaller venturis distributed 
over the pressure bulkhead. Each venturi is "free standing" in the sense that the 
contraction section extends upstream into the plenum, in some cases as far as two throat 
diameters. Furthermore, some of the venturis operate near the plenum centerline while 
others operate near the plenum wall. In many cases, the venturi array involves groups of 
venturis operating in very close proximity to each other. Although not shown explicitly, 
the figures imply that different facilities may exhibit different contraction ratios between 
the plenum or air supply duct area and effective venturi throat area. Such variations lead 
to variations in the Mach number of the approaching flow. 
In addition to the variation in the installation parameters between facilities, 
individual venturis exhibit geometric variations. In some applications, the contraction 
sections are truncated slightly. In other cases, the aging process degrades surface 
smoothness as corrosion forms. Finally, all venturis are subject to fabrication tolerances 
that affect the degree to which a desired contour is achieved. 
Each test facility exhibits a uniqueness with respect to the configuration of the air 
supply system such that a variation in the plenum flow quality among the facilities can be 
anticipated. The upstream ducting, flow mixing systems, flow straightening systems, and 
plenum subsystems (manways, catwalks, etc) may contribute to venturi inlet flow non­
uniformity and turbulence. 
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Figure 8 provides a summary of the various parameters that could contribute to 
the uncertainty in critical flow venturi discharge coefficient. They include the 
installation, geometric and flow quality parameters. However, they also includ e the 
accuracy to which computational models used to quantify the discharge coeffi cient 
predict the viscous and inviscid flow conditions. Clearly, the confidence level associated 
with an airflow measurement accuracy assessment depends substantially on the degree to 
which the factors presented in Fig. 8 are understood. 
It is apparent at this point, that the various installation, geometric, and flow 
quality parameters interact. Furthennore, many of the installation or geometric effects 
may influence the venturi discharge coefficient by affecting the flow quality at the venturi 
entrance. The most striking example is contained in the installation features conducive to 
the formation of the so-called inlet vortex. As explained in Refs. 20-31, a freestanding 
venturi or bellmouth in a plenum features the characteristics conducive to the formation 
of such a vortex, namely upstream vorticity, a flow sink, and a stagnation region for 
vortex attachment. Thus, to the extent that the venturi discharge coefficient is sensitive to 
swirl, it may be sensitive to the installation parameters such as plenum-wall proximity or 
spacing between venturi inlet plane and the plenum bulkhead. 
1 .4 SCOPE OF INVESTIGATION 
The AEDC initiated an extensive investigation of airflow measurement techniques 
to address a number of issues relating to the airflow measurement state of the art in the 
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ETF. The issues readily group into three areas all relating to the use of the critical flow 
venturi as the facility airflow measurement standard. The first set of issues relates to the 
validity of venturi discharge coefficients currently applied in the ETF. The second set 
centers on future airflow measurement accuracy requirements. Finally, the third set of 
issues involves the substantial t st costs associated with current airflow measurement 
practices. This section defines he scope of the work addressed in this thesis. It also 
provides a background descript · on of the overall investigation of the three groups of 
issues for the purpose of illustrating how the work scope contributed to advancing the 
airflow measurement state-of-the-art in the AEDC turbine engine test facilities. 
The first group of issues originated in observations, on the part of the AEDC test 
and evaluation team as well as A.EDC customers, of differences between the ETF flow 
coefficients and those measured in some other facilities. Figure 9, found in Ref. 1 5, 
displays the differences between a number of toroidal-throat venturi calibrations, 
including those obtained at AEDC. Differences between the AEDC discharge 
coefficients and those of the other sources cited by Amberg ranged up to 0.3 percent. A 
number of AEDC customers have cited differences as high as 0.5 percent and 
substantially different trends o er certain throat Reynolds number ranges. The AEDC 
discharge coefficient values were often lower than those reported in the other sources. As 
a result, AEDC resolved to develop an improved understanding of the critical flow 
venturi behavior. 
The second group of issues, future accuracy requirements, originated in the 
increased emphasis on aircraft :fuel consumption and range assessments. The accuracy of 
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aircraft range predictions, derived from direct-connect turbine engine tests, depends on 
the accuracy of the performance parameters such as thrust. Therefore, due to the 
influence of airflow rate on performance parameters, the accuracy in range predictions 
can be traced to airflow measurement accuracy. For transport aircraft applications, 
engine performance with respect to fuel consumption is a prime consideration and 
perhaps a deciding factor in the awarding of engine supplier contracts. As a result, 
AEDC transport engine customers have issued airflow measurement uncertainty goals as 
low as 0.23%, on the order of one half of typically quoted ETF measurements. Although 
the accuracy issue first surfaced during tests of large high-bypass engines for transport 
applications, the fighter aircraft and UA V requirements have also elevated the range 
consideration and the emphasis on airflow measurement accuracy. 
The third group of issues, the costs of measuring facility airflow, stems from the 
constant need to reduce the cost of AEDC test and evaluation services. In recent years, 
this need has become particularly acute as budgets have dwindled and AEDC competitors 
have offered alternatives to traditional AEDC customers. The airflow measurement costs 
originate from four general sources. First, the operation of a choked venturi leads to a 
total pressure loss that must be overcome by the test facility air supply plant. This 
implies either a reduction in the available facility altitude-Mach number envelope or an 
increase in the plant pumping capacity. The latter translates to more or larger plant 
machines and more energy costs. The second cost encompasses the manpower and 
schedule resources needed for installation and removal of the facility venturi( s ). In the 
course of a typical engine test program, the venturis must be in place during the steady-
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state portion of the engine performance test matrix and removed during the transient tests. 
As a result, the program must include provisions for a scheduled interrupt and the 
manhours needed to complete a .  least one venturi configuration change. Third, sustaining 
sonic conditions at the venturi throat requires adjustment of the effective venturi throat 
area according to test conditions. In single-venturi installations, this requires labor and 
cycle time for removing and replacing venturis. For multiple-venturi installations, this 
requires test time for activating and deactivating remotely-controlled venturis. Finally, 
remotely-controlled venturis incur maintenance costs in the course of ensuring reliability 
and test readiness. 
The three sets of airflow measurement issues translated directly into three overall 
objectives for the development of improved airflow measurement techniques: (1) verify 
the current AEDC critical flow venturi accuracy of typically 0.4%, (2) develop the 
capability of meeting future airflow measurement accuracy requirements for fuel 
consumption and range assessments with the customer stated goal of 0.23%, and (3) 
reduce turbine engine test costs and expand the available test envelope commensurate 
with elimination of the venturi total pressure loss and the elimination of venturi 
installation, removal, and main enance procedures. Objective 1 and Objective 2 focus on 
improving the critical flow venturis. Objective 3 focuses on developing a bellmouth 
airflow measurement technique as a lower cost alternative to the venturi for applications 
not requiring the full accuracy capabilities of the venturi. The work reported in this thesis 
focuses primarily on Objective 1. However, it also addresses many aspects of the closely 
related Objective 2 since it not only provides the verification of the accuracy delivered by 
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the venturi when installed in turbine engine test cells but it provides the inputs that enable 
the execution of Objective 2. References 1 and 2 may be consulted for summaries of the 
work with respect to Objective 3. 
1 .5 TECHNICAL APPROACH 
The approach to accomplishing Objective 1 included two general steps. First, the 
AEDC critical flow venturi flow coefficient measurements that form the basis for the 
discharge coefficient algorithms currently used in the ETF were verified. This step 
entailed the repeat and check of experiments conducted in 1961 by Smith and Matz (Refs. 
32 and 33). The second step examined the applicability of the historical database for the 
current ETF facilities. The applicability issue arose from differences between the current 
venturi installations and the baseline calibration configuration. Examples of these 
differences appear in Fig. 8 as surface finish, plenum-to-throat area ratio, venturi inlet-to­
bulkhead spacing, venturi-to-plenum wall spacing, and multiple-venturi installations. 
Furthermore, venturi inlet flow quality issues arose from differences in test cell air supply 
systems and the use of venturi inlet instrumentation rakes. These deviations introduced 
the potential for differences between the baseline venturi accuracy an� the installed 
accuracy. Parametric experiments helped quantify the contributions of such deviations to 
the airflow measurement uncertainty. 
Execution of the two-step approach encompassed both experimentation and 
computation. Experiments characterized venturi discharge coefficient with respect to 
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dominant geometric, installation, and flow quality variables providing a database for the 
validation of CFD codes. State-of-the-art CFD codes modeled the characteristics and 
upon validation will provide flow coefficient algorithms for general application in the 
ETF facilities. 
The extensive number of variables to be considered in the parametric tests 
resulted in a test matrix composed of five venturis and two bellmouths with eleven 
overall test configurations. Each of the eleven test configurations, in turn, included a 
number of "builds" to vary specific test parameters. However, each experiment involved 
one of two methods of determining discharge coefficient. First, the flow-field probe 
method derived the coefficient from measurements of the throat flow field. The second 
method derived the coefficient through direct comparison to a calibrated reference 
venturi . 
An existing AEDC research test cell, extensively modified for the airflow 
measurement investigation, provided the features needed to apply each calibration 
method. The facility contains two traversing pressure probe systems to support the flow­
field survey method and two complete plenum systems for calibrating flowmeters in 
series with a reference venturi. 
In the initial test configurations, two of the venturis were calibrated using the 
flow-field probe method depicted in Fig. 10. Measurements of the throat flow field 
provided the two components of the discharge coefficient. Throat boundary layer total 
pressure measurements yielded the displacement thickness. A remotely-positioned static 
pressure probe traversed the core flow providing the Mach number distribution for the 
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streamline curvature component. The venturis calibrated in this fashion served to verify 
the ETF historical database and as reference venturis for the subsequent experiments. 
Following the reference venturi calibrations, the experiments proceeded to the 
parametric study depicted in Fig. 1 0. In each configuration, a test venturi or a pair of test 
venturis was mounted in series with the reference venturi and subjected to variations in 
the geometric, installation, and flow quality parameters. Comparisons with the reference 
venturi provided measures of the variation in discharge coefficient due to the variation in 
test parameters. 
3 1  
2.0 APPARATUS 
2.1 TEST FACILITY 
Research Test Cell R2A2 originated as a 15-percent scale model of the AEDC 
Aeropropulsion Systems Test Facility (ASTF) C-2 test cell. It was initially used in the 
development and validation of free-jet test methods as described in Refs. 34-39. Under 
the current initiative, the facility was extensively modified to incorporate the features 
required in the airflow ca�ibration experiments. The reconfiguration process added a 
second plenum chamber in series with the existing plenum. Both plenums used flow 
straightening devices to ensure uniform plenum flows as well as instrumentation rakes to 
verify the plenum flow quality and measure stagnation conditions. 
In the present configuration, the facility contains a 54-in.-diam upstream plenum, 
designated Plenum A, and a 36-in.-diam downstream plenum, designated Plenum B. As 
shown in Fig. 11, each plenum terminates in a bulkhead with provisions for mounting up 
to two venturis or a bellmouth. The selection of two different diameters for the chambers 
allows for study of plenum-to-venturi (or bellmouth) area ratio effects. Furthermore, the 
hardware contains provisions for varying installation parameters including the relative 
spacing between the venturi or bellmouth inlet lip and the bulkhead, between the lip and 
the plenum wall, or between the lips of two adjacent venturis for the parametric tests. A 
family of bulkheads provides the capability to vary the test venturi spacing with respect to 
the plenum wall and the spacing between a pair of venturis mounted adjacent to each 
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other. An artificial bulkhead, illustrated in Fig. 12, provides the means to vary the 
spacing between the venturi inlet leading edge, or lip, and the bulkhead face without the 
need to exchange the pressure bulkhead and venturi installations. 
The R2A2 facility is connected to the ETF air supply and exhaust plants. The air 
supply plant provides dry air over a range of pressure and temperature conditions typical 
of the direct-connect turbine engine test. The R2A2 test cell permits operational 
pressures ranging up to 45 psia and operational temperatures over a range of -40 deg F to 
+200 deg F. The corresponding mass flow rates available depend on the size of the flow 
metering devices. With a 1 0. 1 -in.-diam venturi installed and ambient temperature 
conditions established, the facility provides the mass flow rates and throat Reynolds 
numbers shown in Fig. 1 3 .  
Calibrations depending on comparisons between a test venturi and a reference 
venturi require the assurance of essentially zero leakage into or out of the volume 
between Station A and Station B. The R2A2 upgrade for the airflow measurement 
experiments incorporated a number of features to help provide this assurance. First, 
plenum wall penetrations for instrumentation and control connections were located either 
upstream of Station A or downstream of Station B. Likewise, the design positioned wall 
penetrations for the remote-controlled probe traversing mechanisms either upstream of 
Station A or downstream of Station B. Gaskets prevented leakage in the few flange 
connections that did exist between Station A and Station B. The upgrade design criteria 
included strict leak rate limits established based upon the flow rates of interest and the 
required accuracy. Facility upgrade shakedown tests demonstrated achievement of the 
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criteria by capping the openings in Station A and Station B bulkheads, changing the 
pressure in the volume between station A and Station B, and monitoring the pressure 
changes over a prescribed time interval following pressure supply valve closure. The 
tests were conducted at both high pressure and vacuum conditions to ensure the absence 
of leakage into or out of the volume. The facility used double o-rings to provide a means 
of verifying the integrity of the remaining joints, the junctions between the venturi or 
bellmouth flanges and the Station A or Station B bulkheads. During execution of airflow 
measurement tests, the monitoring of the pressure trapped between the o-rings provided a 
continuous assurance of the absence of leakage. 
Each plenum chamber contains a series of flow treatment devices designed to 
remove flow non-uniformity and turbulence. Plenum A uses a series of devices 
comprised of a porous plate, a honeycomb, and three screen assemblies as shown in Fig. 
14. The screen assemblies are separated longitudinally such that the wire wakes from 
each screen dissipate before the flow encounters the next screen. The design includes 
special provisions for preservin a smooth plenum wall devoid of protrusions such as 
mounting tabs or support rings. For example, pressing the screens between two 
concentric hoops sized for an interference fit supports each screen assembly. Mounting 
the hoops with the inner surface flush with the plenum wall preserves a smooth inner 
plenum surface. 
Plenum B includes the same series of flow treatment devices as shown in Fig. 14. 
However, unlike Plenum A, Plenum B also contains a porous plate corebreaker to help 
disperse the Plenum A venturi exit jet. The Plenum B honeycomb and screen assemblies 
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use the same mounting schemes as those in Plenum A. A spool section contains the 
honeycomb and screen assemblies as shown in Fig. 14. When installed, the spool 
preserves a smooth plenum wall surface. 
In addition to the ability to vary installation parameters provided by the basic 
facility components, the facility features devices for the introduction of flow non­
uniformity or turbulence. The devices consist of apparatus that may be installed in 
Plenum B to induce flow perturbations commensurate with those expected in full-scale 
facilities. The flow parameters that may be perturbed include total pressure, flow 
angularity or swirl, and turbulence. 
The apparatus for inducing total pressure perturbations can provide the flow non­
uniformity characteristic of that produced by venturi inlet instrumentation rakes. In fact, 
the pressure disturbance generator consists of a geometrically scaled model of the venturi 
inlet rakes in wide use at the ETF. Shown in Fig. 15a, the rake apparatus models the rake 
body and instrumentation tubes. A photograph of the rake appears in Fig. 15b. 
The apparatus for inducing flow angularity focuses on the swirling flow that might 
be induced by plenum rakes or struts. The apparatus consists of an airfoil set at an 
adjustable angle of attack with respect to the venturi inlet flow as shown in Fig. 1 6a. The 
resulting airfoil tip vortex introduces a localized swirl into the flow to be ingested by the 
venturi. Figure 16b includes a photograph of the vane. 
To introduce turbulence, the facility uses the wake produced by a cylinder in a 
cross flow. The apparatus consists of a grid of such cylinders mounted at the venturi inlet 
as shown in Fig. 17 a. Located in a region of the inlet flow with a Mach number of 
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approximately 0.1, the cylinders typically operate at Reynolds numbers ranging from 
7,400 to 66,800, based on cylinder diameter. At these conditions, the cylinders shed a 
fully turbulent wake. Figure 17b provides a photograph of the turbulence generator. 
2.2 TEST ARTICLES 
The test articles used in the Objective 1 investigation included a family of 
geometrically similar venturis distinguished by throat diameter. Each venturi comprising 
the family served a specific purpose in the investigation as described below. 
Venturi 1. A 5 .64-in.-diam venturi calibrated by the flow-field probe method and 
used to verify the ETF database. Following calibration, the venturi served 
as a reference venturi in the parametric tests. This venturi was used in the 
baseline experiments of Ref. 32. 
Venturi 2. A 7-in.-diam venturi mounted in series with venturi 1 and subjected to 
perturbations in the test parameters for the measurement of influence 
coefficients. 
Venturi 3. A 10.1-in.-dliam venturi calibrated by the flow-field probe method and 
used to extend the calibration throat Reynolds number and increase the 
boundary layer )Profile measurement accuracy. Following calibration, the 
venturi served a.s a reference venturi in the parametric tests. 
Venturis 4A and 4B. A pair of 5-in.-diam venturis applied in tests ofmultiple­
venturi configurations to be mounted downstream of venturi 1 and 
subsequently upstream of venturi 3. 
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The venturi models confonned to the geometry specifications tested by Smith and 
Matz (Ref. 32) and adopted as the standard configuration for the AEDC ETF, differing 
only in size. Each venturi featured a circular arc contraction section that transitioned to a 
conical divergent section. The circular arc contour extended from the inlet plane to a 
station downstream of the throat. The arc tenninated at the point of tangency with the 6-
deg half angle conical wall. Figure 18 provides the parameters that define the venturi 
configuration. 
The models were procured by either refurbishing existing venturis or by 
fabricating new venturis. An existing carbon steel 5.64-in.-diam venturi, illustrated in 
Fig. 19, was located and refurbished to become Venturi 1. As two examples of the 
venturi were fabricated at AEDC, it is likely that the model was the actual hardware 
tested by Smith and Matz in the work of Ref. 32. The 7-in.-diam model (Venturi 2) and 
one of the 5-in.-diam models (Venturi 4A) also existed in the AEDC inventory. Sketches 
of the models showing key dimensions appear in Figs. 20 and 21, respectively. The 7-in.­
diam venturi had been fabricated using carbon steel while the 5-in.-diam venturi used 
aluminum. The 10.1-in.-diam venturi model (Venturi 3), was designed and fabricated to 
the AEDC specifications as shown in Fig. 22. The use of aluminum for the fabrication 
produced a lighter assembly to ease installation and removal procedures. The second 5-
in.-diam venturi model (Venturi 4B) was fabricated using the same design drawings as in 
the case of the existing 5-in.-diam venturi (Fig. 21). The selection of aluminum for the 
second 5-in.-diam venturi helped ensure that it would duplicate the original in all 
respects. 
37 
The final venturi contours were measured in detail to establish th e deviations from 
design, th e true location of th e v enturi th roats, and the actual th roat cross-sectional areas. 
The measurements, obtained in an inspection laboratory using a computer-controlled 
probe system, included axial co tours extending from the inlet plane to stations 
downstream of th e th roat. Th e acquisition of such contours in 10 -deg increments around 
th e circumference of the cross section provi ded measurements of deviations from ax ial 
symmetry. In th e throat region, a spacing of 0.05 in. was used between successive points 
to aid in determining the minimum area and th e location of th e minimum-area station. 
The mix of existing and new models used in th e experiments presented a number 
of installation challenges. In particular, th e venturi mounting flange locations with 
respect to th e venturi inlets varied between models. Therefore, the installation apparatus 
used a series of adapters to accommodate the various venturi configurations in the facility 
bulkheads. The adap ters enabled baseline parameters, such as th e relative position of the 
venturi inlet plane and  the bulkh ead, to be preserved. To illustrate a typ ical installation, 
Fig. 23 shows venturi 1 mounted on th e Plenum B bulkhead with th e test cell separated. 
The configuration 4 exp eriments included a geometric perturbation to simulate 
venturi manufacturing imperfections and surface degradations. Th e perturbation 
consisted of distributed rough ness to simulate such degradations as rust, pitting, or 
machine marks. Th e selection o f  the perturbation characteristics had as its basis the 
degradations and imperfections observed in aging ETF venturis. Since the severity of the 
degradations or th e imperfections varied considerably in th e assets examined, th e 
Configuration 4 tests focused o n  determining the sensitivity to conditions on the order of, 
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but bracketing, the observations. Therefore, the tests applied a perturbation to the 7-in­
diam venturi model (Venturi 2). The distributed roughness consisted of 0.0035-0.0059 
glass beads applied to the venturi contraction section using paint as the adhesive. To 
avoid compromising the throat area measurement, the roughened area extended from the 
venturi inlet to a station approximately 0.6 in. upstream of the throat station. 
The test apparatus included provisions for 11 overall test configurations. Eight of 
the configurations, appearing schematically in Fig. 24, addressed the venturi experiments. 
The configurations were designed to provide the following capabilities: 
Configuration 1. Repeat the Smith and Matz calibration experiments (Ref. 32) 
using the flow-field probing method. 
Configuration 2. Calibrate the Venturi 1 model using the flow-field probe method 
in conjunction with an upward perturbation in the ratio of throat diameter 
and plenum diameter (DtlDp1). 
Configuration 3. Calibrate the Venturi 3 model using the flow-field probe 
method. Configuration 3 extended the calibration Reynolds number range. 
Configuration 4. Evaluate effects of flow quality, venturi geometric, and 
installation parameters on the Venturi 2 discharge coefficient. Discharge 
coefficient determined using Venturi 1 as the reference. 
Configuration 5. Calibrate the Venturi 3 model using the flow-field probe 
method. Investigate the effect of decreasing DtfDp1 on the discharge 
coefficient. 
Configuration 6. Calibrate the Venturi 3 model using the reference venturi 
method. Investigate the effect of decreasing DtfDpt •  
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Configuration 7. Evaluate effect of spacing between adjacent venturis (Y enturis 
4A and 4B) on discharge coefficient. Discharge coefficients determined 
by reference to Venturi 1. 
Configuration 8. Evaluate effect of spacing between adjacent venturis (Y enturis 
4A and 4B) on d"scharge coefficient. Discharge coefficients determined 
by reference to Venturi 3. Reduced proximity between test venturi inlet 
leading edges and plenum wall. 
Figures 25-30 contain a number of photographs intended to supplement Fig. 23 
and clarify the overall test configurations used in the baseline calibrations. Figure 25 
illustrates the Configuration 1 installation. The photograph provides an additional view 
of the venturi mounting to supplement the photograph of Fig. 23. A photograph of the 
same venturi installed at Statio A, Configuration 2, appears in Fig. 26. The installation 
was identical to Configuration 1 in every respect with the exception of the enlarged 
plenum. Figure 27 shows the 1 0.1-in.-diam venturi installed at Station A as required by 
Configuration 3. By virtue of the increased physical size of the plenum and venturi, 
Configuration 3 provided a higher Reynolds number for any given stagnation state. 
Configuration 4 encompassed a number of assemblies to address the various 
parametric variations. Section 2.1 illustrated a number of the Configuration 4 assemblies 
involving the facility flow quality perturbation devices. Figure 28 illustrates a number of 
the assemblies involving the ac ·ual installation of the venturi. Figure 28a shows the basic 
installation of the 7-in.-diam venturi at Station B and on the plenum centerline. Figure 
28b illustrates the installation of the artificial bulkhead to vary the spacing between the 
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venturi inlet leading edge and the bulkhead as characterized by XJl)1• The photograph 
corresponds to the case where the spacing has been reducted to zero in. (Xt/D1 = 0). 
Finally, Fig. 28c contains a photograph of the 7-in.-diam venturi installation with an 
offset from the plenum centerline. The offset corresponded to Yl/01 = 1.3 7. 
Photographs of the installations involving the 5-in.-diam venturis appear in Figs. 
29 and 30 corresponding to Configuration 7 and Configuration 8, respectively. Figure 29 
illustrates the venturi pair at Station B in the near spacing position (Ys/Dt = 0.051). 
Figure 30 illustrates the venturi pair at Station A for both the near spacing (Y s/Dt = 
0.080) and the far spacing (Y s/Dt = 1.40). 
2.3 INSTRUMENTATION 
2.3.1 Test Facility 
The primary R2A2 facility instrumentation provides for the measurement of total 
pressure and total temperature distributions in Plenum A and Plenum B as well as air 
supply and exhaust pressures. The plenum instrumentation samples the plenum flow at 
various points over the flow area to address both the measurement of stagnation 
conditions for the purpose of establishing required test conditions and the verification of 
plenum flow unifonnity. Plenum rakes, illustrated in Fig. 31, distribute probes both 
radially and circumferentially in the plenum cross-sections. The probe radial positions 
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center the probes on equal-area segments of the area so that arithmetic averages of the 
measurements equate to area-weighted averages. 
The sixteen steady-state total pressure probes contained in each plenum consist of 
simple 0.089 -in.- OD (0.071 in. ID) pitot probes with chamfered inside surfaces. The 
twelve total temperature probes contained in each plenum use ChromeVAlumel 
thermocouples that are shielde to avoid radiation effects. 
Each plenum uses two high-response total pressure probes to monitor total 
pressure fluctuations (Fig. 31 ). The high-response probes use 5-psid Kulite® transducers 
connected to an AC-coupled recording system to furnish the time-variant component of 
the total pressure. 
In addition to the total pressure and total temperature probes, each plenum 
includes 0.032-in .-diam wall static pressure orifices as shown in Fig. 31. s·tatic pressure 
orifices located downstream of the flow treatment devices supplement the total pressure 
measurements and may be used to help determine plenum velocity. Static pressure 
orifices positioned between the plenum flow treatment devices supply facility monitors 
triggered to warn test personnel if pressure differentials across the flow straighteners 
approach design limits. 
The test facility pressure tubes are routed to pressure modules located in the R2A2 
control room. The modules use electronically scanned pressure transducers to multiplex 
the various pressure measurements. The relatively large pitot probes and static pressure 
orifices used in the facility measurements permit the substantial pressure line runs 
without inducing pressure stabilization difficulties. Nevertheless, the pressure system 
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response characteristics were predicted during the facility upgrade design and verified in 
laboratory bench tests prior to implementations. 
2.3.2 Test Articles 
Each venturi contained instrumentation for the measurement of the wall static 
pressure distributions, high-response wall pressure, wall temperature, and boundary layer 
total pressure profile. Figure 32 illustrates the venturi measurement locations. The wall 
static pressure orifices are located longitudinally along a ray running from the inlet to a 
station downstream of the throat and circumferentially around the throat station. A Kulite 
high-response pressure transducer sensed fluctuating static pressure at the throat station. 
ChromeVAlumel thermocouples sensed wall temperature at various positions in the 
venturi contraction section and throat station as shown. The wall temperature 
measurements provided the material temperatures needed for calculating thermal 
expansion effects on the throat area. 
Venturi 1 and Venturi 3 initially used two ten-probe rakes to measure the throat 
boundary layer total pressure profiles at the 0-deg and 270-deg circumferential positions, 
respectively, as shown in Fig. 33. Each probe tip consists of a .01-in. ID tube flattened to 
a 0.005 in . height for boundary layer profile resolution purposes. Figure 33 provides the 
nominal boundary layer probe tip immersions. 
During the course of the test program, an alternate boundary layer probe design 
was adopted to reduce the likelihood of probe deflections under the aerodynamic loads. 
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The approach used individual p obes aligned with the flow. Twelve such probes were 
installed in each venturi. Figure 33 provides the probe immersions. 
The experimental apparatus included two separate remotely-controlled traversing 
static pressure probe systems that mount at Station A and Station B, respectively. The 
Station A traversing system used an aft-facing probe that extended from a strut in the 
plenum through the venturi throat. The system provided the capability to traverse the 
throat diameter in any desired plane between the vertical and horizontal. The Station B 
traversing system used a forward-facing traversing static pressure probe capable of 
traversing in the vertical plane only. 
The Configuration 1 installation used the forward-facing traversing probe system 
to measure the throat Mach number distribution. Shown in Fig. 34, the probe consisted 
of a nominally 0.219-in.-diam body with a conical tip. A pair of 0.020-in.-diam static 
pressure orifices located at the 90-deg and 270-deg positions on the probe body as shown 
sensed the local static pressure. The Configuration 1 assembly positioned the orifices at 
the venturi geometric throat station. The probe sting attached to a vertical strut that 
penetrated the exhaust duct wall and interfaced with the traversing system drive. A PC­
based control system sequenced the traversing probe through a series of programmed set 
points. 
Configuration 2 and Configuration 3 used the aft-facing probe system depicted in 
Fig. 35. The aft-facing probe body and pressure orifice dimensions matched those of the 
forward-facing probe in the vicinity of the venturi throat. Unlike the forward-facing 
probe traversing mechanism, the aft-facing probe system provided two components of 
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motion, translation and rotation. First, the mechanism translated the probe along the 
diameter of the venturi throat as in the case of the forward-facing probe system. Second, 
the mechanism included the ability to remotely rotate the axis of translation about the 
venturi centerline. Thus, the system pennitted traverses along any desired diameter of the 
venturi. 
The forward-facing static pressure probe body consisted of a design that had been 
previously calibrated in wind tunnel tests. However, the use of the design did not totally 
discount the possibility of probe tip interference with the static pressure measurements. 
Furthermore, despite the use of an airfoil-shaped support strut located in the plenum, the 
potential for interference with the aft-facing static pressure probe remained a concern. 
Therefore, a fixed centerline static pressure pipe served as a referee for the two traversing 
probes. Illustrated in Fig. 36, the static pressure pipe consists of a fixed 0.2 1 9-in.-diam 
probe body mounted on the venturi centerline. Four 0.020-in.-diam static pressure 
orifices, located as shown in Fig. 36, provided a measure of the static pressure 
distribution along a nominally 1 -in. length. The orifices were located circumferentially in 
90-deg increments around the circumference of the probe cross section to minimize the 
potential for aerodynamic interference between orifices. To minimize tip interference, 
the centerline static pressure pipe mounted with the tip upstream of the venturi inlet 
plane. Four stainless steel wires supported the tip with minimal plenum flow 
interference. The downstream end of the pipe mounted to a strut in the exhaust duct, 
downstream of the venturi divergent section. 
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The miniaturized probes required to resolve the boundary layer and throat 
pressure profiles adversely affected the pressure measurement system response 
characteristics. Unlike the facility pressure measurements, the boundary layer and throat 
static pressure distribution measurements required special provisions to achieve 
acceptable system response. The instrumentation system included a remote pressure 
module rack located adjacent to the test cell instead of inside the control room. The 
boundary layer probes, traversing static pressure probes, and the centerline static pressure 
pipe were connected to the remote pressure modules with the pressure tube lengths 
maintained below IO  feet. Furthermore, each of the three types of probes used a unique 
pressure tube diameter selected based on the results of laboratory tests of the system 
response. 
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3.0 TEST DESCRIPTION 
3.1 TEST PROCEDURE 
Test Configurations 1-8 pertained to Objective 1 and Objective 2. However, the 
actual configurations employed within the scope of the experiments included 1-4, 7, and 
8. These were selected by prioritizing the work and conforming to evolving funding 
constraints. Tests of these configurations encompassed the following overall test 
procedures : (1) centerline static pressure pipe tests, (2) throat static pressure survey tests, 
(3) boundary layer survey tests, and ( 4) tandem venturi tests. The first three procedures 
applied to each of the first three test configurations. The fourth procedure applied to the 
parametric tests under Configuration 4. The primary test condition variable was the 
throat Reynolds number, the Reynolds number based on throat diameter. Throat 
Reynolds number varied from 0.4x106 to 10.5x106 spanning a range of laminar, 
transitional, and turbulent throat boundary layer conditions. The authors of Ref. 32 noted 
that the Reynolds numbers below approximately 0. 7x 106 yielded predominately laminar 
flow in the contraction section boundary layer. Flows with Reynolds numbers in the 
range of 0.7x106 to 2.7x106 were characterized by boundary layers in transition from 
laminar to turbulent. The authors attributed a fully turbulent boundary layer to conditions 
with Reynolds numbers over 2.7x106 • 
The test conditions were established by setting Ttoo = 530 deg R and adjusting Pt«, 
according to the required throat Reynolds number. This selection ofTt«i matched the 
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laboratory conditions maintained during the measurement of venturi throat radius, Rt, 
eliminating the need to account for material thennal expansion or contraction effects on 
discharge coefficient. 
The test procedures included in-place calibrations of the pressure transducers. For 
this purpose, a Ruska® transducer provided a secondary standard traceable to the National 
Institute of Standards and Technology (NIST). During the course of a test session, the 
transducers were periodically re-calibrated to ensure that the data processing process 
addressed any shifts in the transducer scale factors. 
During the execution of each test procedure, pressure module ranges were 
adjusted to help manage pressure measurement errors. This entailed dividing the test 
conditions into three groups corresponding, respectively, to low-range pressure, mid­
range pressure, and high-range pressure. Tests at the low-pressure conditions used 5-psid 
transducers referenced to test cell pressure measuring pressures up to 8 psia. Tests at the 
intennediate pressure conditions used 15-psid transducers reference to atmosphere. This 
permitted pressure measurements ranging up to approximately 30 psia. Tests of the high­
pressure conditions, above 30 psia, used 50-psia absolute pressure transducers. The 
reference pressures used in the low-range and mid-range transducer installations were 
measured using a calibrated Ruska transducer. Matching pressure transducer range to 
pressure measurement range required physically switching pressure modules during the 
course of a test period. Following each interruption for a module change, the conditions 
at the boundary between the two transducer ranges was re-established and re-tested with 
the second set of transducers. 
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The centerline static pressure pipe test procedure involved establishing each test 
condition and recording five repeat data points. Simultaneously, the boundary layer rakes 
provid ed throat boundary layer total pressure profiles in the throat. 
The venturi throat static pressure survey tests focused on traverses of the throat 
diameter using the forward-facing probe system (Configuration 1) or the aft-facing probe 
system (Configuration 2 and Configuration 3). Each survey consisted of seventeen probe 
positions spanning the venturi d iameter. The procedure included a pause at each probe 
position for pressure system stabilization and data point recording. High-response 
pressure fluctuation data were recorded on analog tape  when the probe traverse reached 
the venturi centerline. Traverses in the opposite direction provided repetition of selected 
points. The Configuration 1 surveys included traverses along the vertical line of 
symmetry in the throat cross section. The variable-roll capability of the aft-facing probe 
mechanism allowed corresponding surveys along radial lines at ad ditional roll angles of 
45 deg, 90 deg, and 135 deg to more completely map the throat cross sections in 
Configuration 2 and Configuration 3. The data system also record ed the boundary layer 
total pressure measurements in conjunction with each static pressure measurement on the 
traverse. 
The test matrix for Configurations 1-3 appears in Table 1. The Configuration 3 
portion of the matrix, involving the 10.1-in.-diam venturi, required adj ustment of the total 
pressure to match the Configuration 1 and Configuration 2 Reynolds numbers. By virtue 
of the larger throat diameter, Configuration 3 also permitted an extension of the Reynolds 
number beyond Configuration 1 and Configuration 2 at the higher pressure conditions. 
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Although the throat static pressure survey tests yielded boundary layer 
measurements as well, the test procedures included boundary layer tests as separate 
entities. Dedicated to the boundary layer, the tests were conducted with the traversing 
static pressure probes and the centerline static pressure pipe absent to provide a data set 
free from any possibility of static pressure probe interference. Sets of five repeat 
boundary layer measurements were obtained at each test condition. 
The tandem venturi tests, Configuration 4, relied on comparisons between the test 
venturi and the reference venturi for determining the effects of parametric variations on 
the test venturi discharge coefficient. The procedure started with establishing the baseline 
test venturi flow coefficient relative to the reference venturi. The baseline configuration 
consisted of the test venturi positioned on the plenum centerline with the venturi inlet 
plane 1 .95 throat diameters upstream of the bulkhead (Xb/01 = 1 .95). The baseline 
plenum was devoid of all flow perturbation devices to provide uniform conditions. The 
reference venturi flow rate normalized by the test venturi ideal flow rate yielded a 
measure of the test venturi discharge coefficient, CDBAR-1 ,  prior to perturbation of 
parameters. Subsequently, various installation and flow quality parameters were 
systematically perturbed to measure the effect on CDBAR-1 .  Five repeat data points 
were obtained at each condition. 
The installation parameters varied included the spacing between the venturi inlet 
and the bulkhead as well as the spacing between the venturi lip and the plenum wall 
( coupled with the introduction of an asymmetry due to the offset venturi position). An 
additional installation parametric test included the pair of 5-in.-diam venturis mounted in 
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the closest proximity position. Flow quality parameters included the total pressure 
profile, swirl, and turbulence. With respect to flow quality, this initial study did not 
include a detailed mapping of the flow field produced at the venturi inlet by each of the 
devices. Rather, overall flow perturbations representative of those expected in the full­
scale facilities were used for identifying significant parameters to be investigated in more 
detailed studies. The test matrix appears in Table 2. Repeat data points were recorded at 
each perturbed configuration or condition in the matrix. The matrix depicted in Table 2 
represents a somewhat abridged version of the original matrix. A number of planned 
geometric variations such as the venturi contraction ratio were cancelled due to budgetary 
constraints. 
Configuration 7 and Configuration 8 addressed the potential for aerodynamic 
interference between adjacent venturis mounted on a bulkhead to influence the effective 
discharge coefficient. The primary parameter of interest varied in the tests was the 
spacing between the inlet leading edges of the venturis. Funding constraints limited the 
Configuration 7 tests to only the close spacing (Y s/01 = 0.05 1 ). However, the 
Configuration 8 tests included both the near spacing, with Ys/01 = 0.080, and the far 
spacing, with Ys/01 = 1 .40. The test matrix appears in Table 3 .  
Unlike the Configuration 4 tests, the Configuration 7 and Configuration 8 tests did 
not include true baseline tests of the 5-in.-diam venturis. The test configurations did not 
permit the testing of the venturis individually or, alternately, together with a separation 
large enough to be considered infinite. The former would have required a totally new test 
configuration with the Station A and Station B venturis properly sized to ensure that both 
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the reference and the test ventu
r
is would remain choked. The latter would have required 
a plenum much larger than that of R2A2 in order to provide a large spacing without 
encroaching on the plenum wall. The next section will show that the analysis 
accommodated this limitation by considering only the change in discharge coefficient 
with respect to a change in proximity. 
3.2 DATA REDUCTION AND ANALYSIS 
The primary Configurations 1-3 data analyses focused on comparing the present 
results with the historical data presented in Ref. 32. The comparisons included the 
boundary layer total pressure profiles, throat Mach number distributions derived from the 
throat static pressure traverses, and the venturi flow coefficient. The venturi flow 
coefficient resulted from the numerical integration of the boundary layer total pressure 
measurements for displacement thickness and the numerical integration of the core mass 
flux distribution. 
The analysis of Configuration 4 results focused on determining the effect of the 
test parameter perturbations on test venturi flow coefficient. The parameter CD DEV 
simplified the comparisons by removing biases in the baseline data: 
CD DEV =  I CDBAR-J),at case - CDBAR-J)baselinel/CDBAR-J)base/ine (43) 
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The Configuration 4 results associated with the turbulence generator presented 
unique analysis difficulties. They stemmed from the Ptco loss that occurs across devices 
such as the turbulence generator and the location of the generator downstream of the 
plenum instrumentation. However, as the parameter CD DEV reveals differences and 
cancels biases in the comparison data, the experiments with the turbulence generator used 
Ptco as measured by a boundary layer probe located outside the boundary layer instead of 
the average plenum total pressure used in the other configurations. 
The analysis approach of Configuration 4 did not readily apply to the 
Configuration 7 and Configuration 8 analyses. This inapplicability stemmed from the 
lack of true CDABR-1 or CDBBR-1 baseline conditions for tests involving the pair of 5-
in.-diam venturis. Although the apparatus allowed the separation to be varied, it did not 
allow the pair of venturis to be tested with infinite separation ( or tests of a single venturi) 
to form the baseline measurements. Therefore, in addition to CD DEV, the analysis of 
the venturi pair used CD REL defined as the ratio of the test venturi airflow rate, 
weighted to adjust for actual throat area, to the reference venturi airflow rate. The airflow 
data reduction algorithms used to determine the airflow rates comprising CD REL use 
standard ETF algorithms. Therefore, a CD REL value of one signifies that the airflow 
measurement yielded by the reference venturi equals the sum of the airflow rates 
determined using the 5-in.-diam venturis. Similarly, deviations from one signify 
differences between the venturi pair and the reference venturi. A parameter analogous to 
CD DEV was also defined and used to compare the CD REL measurements: 
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D/FF CD REL = ICD RELJrs/Dt = 1.4 - CD REL-l)rs/Dt = .08 I I CD RELJrs/Dt = 1 .4 (44) 
3.3 UNCERTAINTY OF RES UL TS 
Repeat calibrations of the instrumentation system with respect to secondary 
standards traceable to the NIST provided the basis for measurement uncertainty estimates. 
The measurement uncertai nty, U, combines bias and precision errors according to the 
following (Ref. 40) :  
U = ±✓ B 2 + (t95S)2 (45) 
Where B represents the bias limit, S represents the sample stan dard deviation, and t95 
represents the 95th percentile point for the two-tailed S tudent' s t distribution. For degrees 
of freedom greater than thirty, t95 assumes a value of two. 
The basic pressure and temperature measurement uncertainties appear in Tabl e 4. 
As noted in Section 3. I ,  the test procedure involved ex changing pressure transducers to 
match the pressure measurement range. The three pressure measurement ranges, shown 
in Table 4 , correspond to the 5- psid, 15- psid, and 50- psia transducers, respectively. The 
temperature uncertainty  corresponds to the ChromeV Alumel thermocouples used. 
To estimate the uncertainties in the calculated parameters, the analysis applied the 
Taylor Series method of error propagation, described in Refs. 40 and 41. I n  most cases, 
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the slopes required by the Taylor series method could be readily found by differentiating 
the equations comprising the calculation. Such was the case for the parameters involving 
averages, normalization by other parameters, and airflow rate. Section 1 .3 .2 provided the 
slopes used in the airflow rate error propagation. The discharge coefficient calculations 
based on the probe measurements involved numerical integrations that did not lend 
themselves to closed form derivatives. In these cases, the slopes were determined by 
numerically perturbing each probe parameter at each probe position and executing the 
calculations. The resulting numerical derivatives were then applied in the Taylor Series 
method as in the closed-form cases. The results of the analysis yielded the uncertainty 
estimates appearing in Table 5. 
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4.0 RESULTS AND DISCUSSION 
4.1 GENERAL 
The experimen ts provid1e d the measurements n eeded to verify the historical 
AEDC ven turi data base and to quantify the sensitivity of the discharge coefficien t  to the 
in stallation , geometric, and flow quality parameters. Taken together, these two sets of 
results satisfied the objective of verifying the accuracy of the AEDC critical flow ven turi 
configuration when in stalled in ETF turbine engine test facilities. 
The following  section s summariz e the fin dings with respect to the two steps of the 
accuracy verification process. F irst, to illustrate the historical data verification , the results 
in clude comparison s of the pres en t  and the historical flow-field measurements. Boun dary 
layer total pressure distribution comparison s illustrate the agreement between the data 
sets in the viscous dominated po rtion of the flow field. Mach number distribution 
comp arisons illustrate the agreement between the data sets in the in viscid core flow 
region. Fin ally, comp arisons of the discharge coeffic ien t c alculated by in tegrating the 
mass flux over the throat flow area and normaliz ing by the on e-dimensional flow rate 
demon strate the validity of the historical values of the critical flow venturi discharge 
coefficien ts. 
Results of the second  step, the investigation of the influences of parameters that 
vary between facilities, provided the bridge between the laboratory calibrations and 
turbine test cell application s. The presen ted in stallation parameters include the ventu ri 
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inlet-to-bulkhead spacing, venturi inlet-to-plenum wall spacing, and the spacing between 
adj acent venturis mounted on the bulkhead. The presented geometric parameter consisted 
of the surface roughness, representing the effects of venturi surface degradation or 
manufactu ring imperfections. The presented flow quality parameter results include total 
pressu re distortion, swirl, and turb ulence. 
4.2 VERIFICATION OF HISTORICAL DATA BASE 
4.2.1 Boundary Layer Total Pressure Profiles 
Boundary laye r total pressure pro file comparisons between the present 
Configuration 1 ex periments and the Ref. 32 ex periments appear in Fig. 37 . Figure 37 
displays plots of local normalized total pressure, Pt!Ptao, versus probe immersion, Yp. 
The lines depict the 1961 data set, which contained measurements from a single rake. 
The symbols represent a portion of the present measurements. Figure 3 7 a provides a 
comparison at the laminar Reynolds number of 0 .68x106• In both the 1961 and 19 96 
ex peri ments th e thin laminar boundary layer enclosed only a portion of th e bound ary layer 
probes. However, the figure illustrates the relatively good agreement between the data 
sets. Figure 37b shows a similar comparison at a Reynolds number of l .33x l 06 • 
According to Ref. 32 , a significant portion of the boundary layer upstream of the throat 
was transitional at this Reynolds number condition. On this particular test point, the top­
mounted rake measured a profile closer to that of the REY= 0.68x106 case than did the 
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side-mounted rake. As a result, the side-mounted rake results provided a closer 
agreement to the profile reported in Ref. 32 and the top-mounted rake yielded a steeper 
profile. This characteristic suggested that the flow exhibited three-dimensional features 
with the transition region occupying different regions along the top and the sides of the 
venturi. Finally, Figure 37c provides a comparison at a turbulent Reynolds number. The 
plot displays the turbulent character of the total pressure profile shape and the 
considerably thicker boundary layer. Again, the present results compared well with the 
1961 baseline. 
The Venturi 3 boundary layer measurements displayed shape characteristics 
similar to those of Venturi 1. The example appearing in Fig. 38 includes measurements 
obtained at turbulent conditions with REY = 2.71x106 • Therefore, the measurements may 
be compared directly to those obtained in Venturi 1, from Ref. 32, at the same Reynolds 
number (Fig. 37c). Figure 38a illustrates the similarity in shape with the immersions 
normalized by 6. Although similar in shape, the larger venturi possessed a somewhat 
thicker boundary layer as shown in Fig. 38b with the normalization in Yp omitted. The 
venturi measurements shown in Fig. 37c yielded a boundary layer thickness, o, of 0.060 
in. The Venturi 3 measurements of Fig. 38 yielded a boundary layer thickness of 0.09 in. 
These results had implications for the o• determination and ultimately the Cd 
determination as will be shown subsequently in Section 4.2.3. 
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4.2.2 Core Flow Mach Number Distributions 
Local throat core flow static pressure measurements from the traversing probe and 
plenum total pressure measurements provided the core flow Mach number distributions. 
A typical profile spanning the throat diameter from the bottom wall to the top wall, 
measured at REY = 2.71x106, appears in Fig. 39. The figure displays the distribution on 
a plot with the Mach number as the ordinate and the probe position, normalized by throat 
radius, as the abscissa. The plot includes results from the 1961 experiments and the 
present Configuration 2 and Configuration 3 experiments, as well as the series solution of 
the core flow used in the current flow coefficient calculations (Ref. 42). The present 
Mach number profile agreed reasonably well with the Smith and Matz profile. However, 
the present measurements displayed a more symmetrical profile with respect to the 
venturi axis. The analytical solution differed slightly from both experimental profiles as 
shown. 
Throat Mach number distributions measured in Configuration 3 tests spanning a 
range of Reynolds numbers appear in Fig. 40. Configuration 3 provided the widest range 
of Reynolds number in the present tests. The plot displays laminar, transitional, and 
turbulent Reynolds numbers. Smith and Matz reported a weak Reynolds number 
dependence in the Mach number distributions (Ref. 32). The present distributions also 
varied slightly with Reynolds number as shown. 
The differences between the analytical solution used to compute the core flow 
component of the ETF discharge coefficients and the 1961 measurements were larger 
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than the differences between the present measurements and the analytical solution. This 
result, in conjunction with the relative insensitivity to the Reynolds number, helps 
substantiate the consistency betiNeen the historical theoretical curve and the discharge 
coefficient accuracy. However, the differences between the theoretical curve and the 
measurements illustrate the potential for improving accuracy through the use of more 
modem CPD codes. Therefore, the observed differences between the theory and the 
experiment will become a subject in the accuracy assessment and improvement work. 
4.2.3 Venturi Flow Coefficien ts 
Comparisons of the venturi flow coefficients between the Smith and Matz 
experiments and the present experiments appear in Fig. 41. The figure includes a plot of 
discharge coefficient as a function of throat Reynolds number. The plot displays the 
excellent agreement between the present and historical data at the turbulent Reynolds 
numbers. At the laminar Reynolds numbers the data also agreed well, although the 
differences were slightly larger. It should also be noted that both data sets deviated 
somewhat from the theoretical 1:urve that forms the basis for the currently used 
coefficients. The theoretical curve depicted in Fig. 41 used the method of Ref. 42 to 
determine the streamline curvature component of Cd and the method of Ref. 43 for the 
boundary layer component. The deviation shown in Fig. 41 suggests that the models used 
to characterize Cd in the airflow data reduction algorithms might be improved through 
the use of state-of-the art CFD codes. 
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Venturi discharge coefficients obtained during tests of Configuration 3 yielded 
values somewhat higher than those measured in Configuration 1. Figure 42 provides the 
discharge coefficients as a function of Reynolds number . Typically, the Configuration 3 
coefficients exceeded the Configuration 1 coefficients by approximately 0.001 at a given 
Reynolds number. An analysis of the flow-field measurements showed that the boundary 
layer thickness, and the displacement thickness, did not increase in direct proportion to 
the throat radius in the switch from Venturi 1 to Venturi 3. As a result, the boundary 
layer represented a smaller portion of the Venturi 3 flow field, and therefore contributed 
less to the mass flow deficit. For example, the typical Venturi 3 boundary layer total 
pressure profiles shown in Fig. 38 yielded a displacement thickness of 0.01099 in. or 
o•IRt = 0.002175. Results obtained in Configuration 1 at the same Reynolds number (Fig. 
37) yielded a displacement thickness of 0.007362 in. or o•IRt = 0.002606. The Venturi 3 
results, relative to Venturi 1, showed a displacement thickness increase of only 49 percent 
despite the 79 percent increase in geometric size. 
The Venturi 3 calibrations provided information on the magnitude of the 
discharge coefficient variations that might be expected between different venturi 
apparatus. Furthermore, the results clearly indicated that the differences originated in the 
boundary layer. Factors that might contribute to the variations in f/ include the material 
characteristics, surface finish ( and relative size of surface imperfections and venturi 
diameter), and inlet lip geometry. As noted in Section 2.2, Venturi 1 was fabricated from 
carbon steel and used a painted surface. Venturi 3 was fabricated using aluminum and 
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featured a clean uncoated surface. The Venturi 1 and Venturi 3 results suggested that 
future work should investigate such factors. 
The venturi discharge coefficient comparisons in conjunction with the boundary 
layer total pressure profile comparisons and core flow Mach number profile comparisons 
substantiated the 1961 data set that form the basis for the currently used test data 
reduction algorithms. As a result, the experiments addressed the initial issues raised 
under Objective 1 of the study. Furthermore, the results showed differences between the 
currently modeled discharge coefficient and the measurements. Accuracy improvement 
efforts should include applying state-of-the-art CFO codes to modeling the venturi flow 
field. The next set of results begin the process of assessing the venturi airflow 
measurement accuracy when installed in ETF facilities. 
4.3 INFLUENCE OF INSTALLATION, GEOMETRIC, AND FLOW QUALITY 
PARAMETERS 
4.3.1 Baseline Results 
The Configuration 4 baseline tests provided an experimental verification of the 
estimated bias and precision en·ors in CDBAR-1 relative to Cd determined through 
probing. An understanding of hese errors is required for extracting sensitivity 
information from the Configuration 4 experiments. 
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Sample results of the baseline tests appear in Fig. 43. Figure 43a contains a plot 
of CDBAR-1 versus throat Reynolds number for a given test session. It includes the five 
repeat points at each test condition ( ten repeat points at the transducer change-out 
conditions) .  The data shown in Fig. 43a displayed a scatter band of under ±0.0005 in 
CDBAR-1. The scatter in the points at the junction between the mid-range and the high­
range transducers (REY= 2.71 x1 06) appears to be ±0 . 0008 . However, this actually 
included a shift in the bias brought about by the second set of transducers with respect to 
the first. At the higher Reynolds numbers, the high-range transducers delivered a scatter 
band on the order of ±0. 0003. 
Figure 43a also shows a bias in CDBAR-1 with respect to the Cd determined 
through probing. Comparing Fig. 43a with Fig. 41 (Venturi 1 calibration) shows a bias of 
approximately 0 . 003 at the Reynolds numbers for turbulent conditions. A comparison 
with Fig. 42 (Venturi 3 calibration) shows a bias of approximately 0 . 002. The use of CD 
DEV as the comparison parameter in analyzing the sensitivity results cancels such biases 
leaving only the precision errors. 
The above results furnished valuable information pertaining to a given test, but 
did not address other errors that might have been introduced into the experi ments. These 
included errors that might have resulted from all of the processes involved in preparing 
for a test period. Examples include test configuration setup , venturi surface cleaning , 
transducer calibrations, and other pre-operational or post-operational procedures. They 
also include any unknown and subtle operational variations induced through plant 
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operations (including plant configuration) and test personnel. Therefore, the project 
invested in a complete repeat of a baseline test to measure the effects of known and even 
unknown factors. The repeat baseline test, designated as test 25, was deliberately 
conducted after a perturbation test to ensure that most procedures were executed between 
the baseline tests. The results of the repeat baseline test appear in Fig. 43b and generally 
show characteristics similar to those of Fig. 43a. However, at the junction between the 
low- and mid-range transducers the scatter band increased to ±0.001 while the scatter 
band at the junction between the mid- and high-range transducers decreased to ±0.005 . 
A plot of the results of all the repeat points from both baseline tests appear in Fig. 
43c. The plot shows that the bias in COBAR-I changed slightly between the baseline 
tests. As this change in bias would not cancel in CD DEV, it was treated as a precision 
error in the analysis. 
Because the parameter CD DEV was to serve as the comparison parameter in the 
sensitivity analysis, the baseline test analysis focused on it. Figure 44 illustrates the 
distribution of CD DEV with RJEY. The comparison of CDBAR-1 between the two sets 
of baseline data points appears in Fig. 44a. Each curve represents the mean of the five or 
ten repeat points measured at ea.ch test condition. The CD DEV curve computed from the 
two CDBAR-1 curves appears in Fig. 44b. The figure shows that over most of the 
Reynolds number range, the two baseline tests agreed to within 0.0005, consistent with 
predicted precision in CD DEV (±0.0006). At the lowest Reynolds number, low-pressure 
conditions where laminar boundary layer characteristics dominate, the deviation increased 
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to 0.001. These results provided a measure of the resolution in the data and the limit on 
the ability to discern between the perturbation parameter effects and data precision 
effects. As deviations on the order of 0.0006 may be attributed to data uncertainty, 
deviations below 0.0006 were classified as inconclusive with respect to the effect of a 
perturbation on flow coefficient. 
4.3.2 Installation Parameters 
The use of both freestanding venturi installations (venturi inlet plane upstream of 
bulkhead) and flush venturi installations (venturi inlet plane flush with bulkhead) in ETF 
facilities highlighted the spacing between the venturi inlet plane and the bulkhead as a 
key installation parameter. With the baseline configuration consisting of the freestanding 
venturi with Xb/Dt = 1.95, the perturbations consisted of a flush installation with Xb!Dt 
= 0 and an intermediate spacing with Xb/01 = 0.95. The effect of the perturbation to the 
flush installation appears in Figs. 45a and b. Such a configuration typifies an ETF test 
cell T-2 or T-4 venturi installation (Fig. 2a). The CDBAR-1 curves appear in Fig. 45a. A 
plot of CD DEV appears in Fig. 45b. Over the turbulent range of Reynolds numbers, the 
differences in CDBAR-1 due to the change in Xb/01 raised CD DEV to approximately 
0.0008. Thus, the bulkhead proximity change induced a relatively small but measurable 
change in flow coefficient. The intermediate inlet-to-bulkhead spacing, Xb/Dt = 0.95, 
yielded similar CD DEV measurements over the range of turbulent Reynolds numbers 
(Figs. 45 c and d). However, at the transitional conditions, the intermediate spacing 
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yielded larger differences ranging up to 0.0025. Thus, the spacing between the bulkhead 
and the venturi inlet plane appar(ently represents a variable with some influence on the 
airflow measurement accuracy. Since the parameter is currently neglected as a variable in 
the venturi data reduction algorithms, it contributes to airflow rate uncertainty. 
Therefore, accuracy improvements could be realized by including the effect of Xb!Dt in 
the discharge coefficient models or by specifying a particular spacing for all installations. 
The introduction of an of set between the venturi centerline and the plenum 
centerline produced a more pronounced installation effect than the bulkhead spacing. The 
test entailed repositioning the venturi to decrease the spacing between the venturi inlet lip 
and the plenum wall. The apparatus provided a spacing corresponding to YllDt = 0.58. 
The offset also introduced an asymmetry in the geometry and therefore an asymmetry in 
the flow path between the plenum and the venturi entrance. The results, shown in Fig. 
46, included CD DEV levels in the range of 0.001 to 0.00 15  over the range of turbulent 
Reynolds numbers. The results indicated that either the asymmetry, the interaction 
between the venturi lip and the plenum wall, or a combination of the two contributed 
significantly to a change in flow coefficient. The proximity to the plenum wall led to the 
speculation that the phenomenon involved the formation of an inlet vortex. As a result, 
the tests identified the offset as a key installation consideration in the accuracy 
improvement work. 
Although the tests for mutual aerodynamic interference between the adjacent 5-
in.-diam venturis applied to both Configuration 7 and Configuration 8, the analysis 
focused on Configuration 8 for two reasons. First, the funding permitted only the close 
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separation to be tested in Configuration 7. Second, by virtue of positioning the 5-in.­
diam venturis at station A, Configuration 8 provided a larger spacing between the venturi 
leading edge lips and the plenum wall. The apparent wall interference result previously 
discussed with reference to Fig. 46 increased the emphasis on using the larger plenum to 
house the venturi pair. 
Individual venturi measurements appear in Fig. 4 7 for both the wide spacing 
(Y s/01 = 1 .40) and the close spacing (Y s/01 = 0.080). Figures 4 7 a and b contain plots of 
CDABR-1 and CDBBR- 1 versus REY showing the scatter in the data for the Ys/01 = 
1 .40 case. Similar plots corresponding to Ys/01 = 0.080 appear in Figs 47 c and d. Since 
these do not represent true baseline calibrations of the individual venturis, the analysis 
used CD REL. Measurements of CD REL analogous to CDABR- 1 or CDBBR-1 appear 
in Figs. 4 7 e-h. The use of CD REL avoids ambiguity while retaining the key features of 
the measurements. As noted in Section 3.2, a CD REL of one signifies that the flow rate 
determined using the venturi pair equaled that of the reference venturi. An examination 
of the figures reveals average deviations of CD REL from 1 generally remained under 
0.001 at turbulent conditions. Furthermore, the deviations appeared to change little with 
the lateral spacing of the venturis, Ys/Di, as evident in comparing Figs. 47a-d with 
corresponding Figs. 47e-h. 
Direct comparisons of the mean CD REL results between the close and wide 
spacing configurations appear in Fig. 48. Figures 48 a and b contain plots of the mean 
CD REL curves for Venturi 4A and Venturi 4B, respectively. The plots further illustrate 
that CD REL remained within 0.001 of 1 at turbulent Reynolds numbers, despite the large 
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reduction in the lateral spacing, Ys. Plots of DIFF CD REL between the Ys!Dt = 0.080 
and Y s/Dt = 1 .40 configurations appear in Figs. 48 c and d for Venturi 4A and Venturi 
4B, respectively. The change in lateral separation resulted in variations of CD REL under 
0.0005 . These results showed the discharge coefficient to be insensitive to lateral spacing 
in the Ys!Dt range of 0.080 to 1 .40. Furthermore, the deviation in CD REL from 1 
indicated that the presence of an adjacent venturi had a relatively small influence on the 
discharge coefficient. The results with the venturi pair therefore suggested that 
operations with adjacent venturis present a negligible influence on the measurement 
accuracy. Therefore, increments in Cd uncertainty added to account for mutual venturi 
aerodynamic interference may be removed. Furthermore, the spacing distance need not 
be accounted for in the data processing algorithms. 
4.3.3 Venturi Geometric Para.meters 
Although the experimental plan with respect to venturi geometry originally 
considered both surface condition and contraction ratio, funding constraints precluded 
tests of the latter parameter. Therefore, the results presented in this section address the 
effects of surface imperfections only. As described in Section 3.0, the surface finish 
experiments considered only a severe surface degradation that could arise during long­
term venturi exposure to the test environment, such as rust or pitting. 
The surface roughness perturbation results appear in Fig. 49. Figure 49a contains 
the CDBAR-1 curves for the baseline and the inlet roughness configurations. The CD 
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DEV curve derived from the Fig. 49 a results appears in Fig. 49 b. Deviations of 0 .0035 
existed at the higher Reynolds numbers (Reynolds numbers corresponding to turbulent 
boundary layer conditions in the clean configuration). At Reynolds numbers 
corresp onding to boundary layer transition in the clean configuration, the deviation 
increased to over 0 .004. At the low Reynolds numbers, laminar in the clean 
configurati on, the deviati on decreased to approximately 0 .001. The 0 .003 to 0 . 005 i n. 
distributed roughness clearly produced a severe change to the discharge coefficient. The 
results showed that fu lly characterizing the rough ness influence would require ad ditional 
tests that vary roughness height and di stri bution. The latter would involve simulations of 
such features as machine marks and paint surface defects. However, the results also 
showed that the venturi surface must be preserved to avoid degradation in accuracy. 
4.3.4 Flow Quality Parameters 
The total pressure distribution generated in the wake of an instrumentation rake, 
such as those installed at the inlets of a number of the Aeropropulsion Systems Test 
Fac ility (ASTF) te st ce ll C� 1 and C-2 ve nturi s, w as simulated directly by using the 
geometrically scaled rake simulator mounted at the venturi inlet. The results appear in 
Fig. 50 . Figure 50 a provides the CDBAR-1 curves and Fig. 50b provides the CD REL 
curve. Although the variation in CD DEV over the range of turbulent Reynolds numbers 
may have changed shape, the magnitude was generally indistinguishable from the data 
precision. This result suggested that the wake pro duced by the instrumentation rake 
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contributed little to the flow coefficient. Any increments in oCd used to account for rake 
effects may be removed from consideration. 
The introduction of loca ized swirl, using the tip vortex produce by the vane, 
yielded the results shown in Fig. 5 1 . The CDBAR-1 curves and the CD DEV curve are 
shown in Figs. 5 1  a and b, respectively. As in the case of the instrumentation rake wake, 
the level in CD DEV was sufficiently low to be indistinguishable from the data precision. 
This result suggested that low levels of localized swirl would have a negligible effect on 
the flow coefficient. As a result, subsequent tests with swirl were cancelled. 
The introduction of time-variant disturbances using the turbulence generator 
introduced errors that added difficulty to discerning the turbulence effects. As described 
in Section 3.2, the turbulence data reduction procedure used a local total pressure 
measurement in the throat rather than the plenum total pressure. This enabled the 
measurement of discharge coefficient increments without contamination by the pressure 
losses across the generator. Therefore, the absolute discharge coefficient determined in 
this manner could not be compared to the absolute discharge coefficient measured in the 
previous experiments. In fact, the approach necessitated that the baseline test data be 
reprocessed using the single-point measurement and compared to re-establish the 
repeatability. Figure 52a shows the results in terms of CD DEV between the 2 tests. The 
repeatability changed from the 0.0005 level determined for the other configuration 4 tests 
to a range of 0.00 1 to 0.005. 
Despite the repeatability difficulties encountered in the re-processed baseline 
tests, the comparisons between the baseline and turbulence generator results were 
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completed yielding the results shown in Fig. 52b. The turbulence induced by the 
apparatus produced CD DEV levels ranging from 0.006 to 0.01 at Reynolds number over 
2x 106 • Such levels could be distinguished from even the increased data scatter suggesting 
that turbulence does indeed affect the discharge coefficient. However, a failure of the 
high-response transducer in the venturi prevented a characterization of the turbulence 
levels involved. Therefore, the turbulence effects on the discharge coefficient remain an 
open issue. 
7 1  
5.0 CONCLUSIONS AND RECOMMENDATIONS 
The results yielded the following conclusions: 
1. The venturi boundary layer total pressure measurements substantiate the results 
reported by Smith and Matz in Ref. 32 including profiles characteristic of 
predominately laminar, transitional, and turbulent conditions. 
2. At transitional Reynolds numbers, the boundary layer total pressure profile 
may vary in shape with circumferential location in the throat cross section. 
3. The throat core flow Mach number measurements substantiate the distributions 
reported by Smith and. Matz in Ref. 32 having the same shape as that predicted 
by the theoretical method of Oswatitsch (Ref. 42). 
4. When integrated, the boundary layer and core flows yielded flow coefficients 
that agreed with the Smith and Matz baseline data (Ref. 32). Therefore, the 
data set that forms the basis for the current ETF algorithms is valid. 
5 .  Calibrations of the 1 .1-in.-diam venturi yielded higher flow coefficients than 
in the case of the 5 .64-in.-diam venturi. The boundary layer thickness did not 
fully scale between the two venturi configurations. Relative surface 
smoothness and geometric imperfections may have contributed to the 
differences. 
6. Variations in the venturi installations affect the flow coefficient. The flow 
coefficient sensitivity to the spacing between the venturi inlet plane and the 
bulkhead is relatively weak. However, the spacing between the venturi lip and 
the plenum wall, in conjunction with the asymmetry ( offset between the 
venturi and test cell centerlines), significantly affected the discharge 
coefficient. These parameters need to be considered in accuracy improvement 
investigations. 
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7. The proximity between adjacent venturis mounted on a common bulkhead has 
a negligible effect on the discharge coefficient. Adjustments of the discharge 
coefficient or discharge coefficient uncertainty estimate that account for such 
installations are not required. 
8. The venturi flow coefficient is insensitive to small variations in total pressure 
as well as small regions of localized swirl in the inlet flow. 
9. Venturi surface roughness significantly affects the discharge coefficient. To 
realize the full accuracy capabilities of the venturi, surface smoothness must 
be preserved. 
10. The differences between the experiment and the theoretical models used in the 
current Cd characterization were sufficiently large to justify pursuing accuracy 
improvement through the application of state-of-the-art CFO codes. 
The current data set achieved the goal of verifying the historical database and the 
current discharge coefficient algorithms. It also provided a screening of the discharge 
coefficient sensitivities to a number of installation and flow quality parameters. With 
notable exceptions, the discharge coefficient proved to be relatively insensitive to the 
parameters expected to vary between test facilities. However, the current data set 
excludes a number of parametric variations and measurements necessary to fully establish 
the discharge coefficient sensitivities. Furthermore, a thorough application of sensitivity 
measurements to the full-scale accuracy assessment requires detailed measurements of the 
parameter variations in specific test cells. Recommendations for future work include the 
following : 
1 .  Investigate the calibrations of the 5.64-in.-diam and the 10. 1-in.-diam venturis 
with respect to parameters that may contribute to variations in the discharge 
coefficients. The investigation should consider such factors as fabrication 
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materials, surface coatings, manufacturing imperfections, and leading edge lip 
geometry. 
2 .  Conduct additional p erturbation tests to address geometric and installation 
parameters currently omitted. These include additional tests varyi ng such 
parameters as surface roughnes s, machi ning imperfections, venturi contraction 
ratio, and DtlDpt• For example, roughness conditions should include a range 
of heights as well as simulations of machine tool marks, paint imperfections or 
other surface anomal ies. 
3 . Investigate the increment in flow coefficient produced by the lateral offset in 
venturi position. Determine relative effects of plenum wall proximity and the 
asymmetry. 
4. Based on the screening test results, map the plenum and venturi inlet flow 
fields in terms of flow angularity, pressure variations, and turbulence in both 
the subscale and full-scale facilities. Such measurements would verify that the 
perturbations were, in fact, representative of the full-scale AEDC facilities and 
provide a means to re late the sens itivity information to other facilities. 
5. Apply the sensitivity results to improve the accuracy of airflow measured in 
venturi installations. Increments in discharge coefficient uncertainty allocated 
to parameters found to be insensitive may be removed. For each parameter 
s ignificantly influenc ing airflow, improve accuracy either by accounting for 
the sensit ivity in t he calibration or by specifying an allowable range in the 
parameter. 
6. Apply the det ailed flo w-field measurements to  the validation and improvement 
of state-of-the-art CFD codes and then a adopt the codes for increasing the 
accuracy in the discharge coefficient models. 
Following the venturi accuracy investigation, the airflow measurement 
improvement initiative progress ed to the development of the bellmouth as a lower-cost 
alternative to the venturi. As re ported in Refs. 1 and 2 ,  the work focused on the 
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application of computed bellmouth discharge coefficients to avoid the cost of calibrating 
bellmouth installations. The bellmouth method validation was based on comparison to 
calibrated reference venturis. The venturis calibrated in the work reported in this thesis 
subsequently served as the references for the bellmouth validation tests. The verification 
of the current venturi discharge coefficients, the venturi discharge coefficient accuracy 
improvement, and the bellmouth method has enabled the AEDC to improve the airflow 
measurement services offered to the test community. The turbine engine test customer 
may choose between the more accurate but higher cost venturi or the more economical 
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Figure 1 2. Artificial Bulkhead. 
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b. Photograph of Station B Flow Treatment Spool 
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a. Inlet Rake Model Sketch 
Figure 1 5 . Total Pressure Perturbation Device. 
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a. Vortex Generator Device 
Figure 16. _Swirl Generation Device: 
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Figure 39. Venturi Throat Core Flow Mach Number Distribution Comparison. 
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Figure 4 7. Continued. 
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Figure 48. Comparison of Venturi 4A/4B Results Between Ys/Dt = 1 .40 
And Ys/Dt = 0.080. 
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Figure 49. Concluded. 
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Table 1 .  C onfigurations 1 -3 Test Matr ix 
C onfiguration Xb/Dt Dpl/Dt Yl/Dt REY, Mi llions 
1 1 . 95 6.383 1 .986 0.40, 0.68, 0.85, 1 .03, 1 .33, 2. 71 , 4. 1 1 , 5.45 
2 1 . 95 9.57 3.58 0.40, 0 . 68, 0.85, 1 .03, 1 .33, 2.71 , 4 . 1 1 ,  5.45 






















Tabl e 2. Configurati on 4 Test Matri x 
Xb /Dt Dpl /Dt Yl /Dt REY, Milli ons Comment 
1 .950 5 . 143 1 .366 0.68, 0.85, 1 .03, 1 .33, 2. 7 1 ,  4. 1 1 ,  4.69 
0.95 5 . 143 1 .366 Same Sequence of Test conditions 
0.00 
l + 
Used for All Perturbations 
+ 0.58 
1 .950 5 . 143 1 .366 Simul lnstrum Rake 
! ! ! 
Swirl Generator 
�� Turbulence Generator 

















Table 3. Configurations 7 and 8 Test Matrix 
Ys/Dt Yl/Dt REY, Millions 
0.05 1 0.92 0.40, 0.68, 0.85, 1 .03, 1 .33, 2. 71 ,  3.26 
0.080 2.76 0.68, 1 .03, 1 .33, 2.7 1 , 3.33, 4.00, 4.60, 5 .50 
1 .400 1 .97 0.68, 1 .03, 1 .33, 2.7 1 , 3.33, 4.00, 4.60, 5 .50 
r 
--.1� + 
_j__ I + Dpl Ys 
� LL--
Dt 
• 1  
Table 4. Measured Parameter Uncertainties. 
Precision Index Bias Uncertainty 
Parameter Degree of Range 
Unit of Freedom Unit of Unit of 
Measurement Measurement Measurement 
±0.008 >30 ±0.0008 ±0.008 0.5-8 psia 
p 
Pt ±0.01 >30 ±0.0036 ±0.012 8-30 psia 
±0.02 >30 ±0.006 ±0.023 30-45 psia 
Tt (individual ±0.6 >30 ± (0.38% + 0.8°F) ± (0.38% + 1 .4F) -32 to +2300 deg F 
measurement) 
Yp >30 ±0.003 0-0.4 in. 
. 
Rp >30 ±0.001 0-8 in. 
Tab le 5. Calculated Parameter Uncertai ntie s. 
Pre ci si on Index Bi as Unce rtai nt y 
Parameter De gree of Ran ge 
Unit of Freedom Unit of Unit of 
Measureme nt Measureme nt Measure ment 
±0.00023 1 ±0.0023 1 ±0.00236 0.5-8 . 0  psi a 
Ptoo ± 0.00 1 04 >30 ±0 . 00289 ±0.00356 8.0-30.0 psi a 
±0.00 1 73 ±0.0057 7 ±0.00673 30.0 -50 .0  psi a 
- Ttoo ±0.21 >30 ±0.38 ±0.57 at Tlo = 53 0 °R  
±0. 00028 1 ±0.0028 1 ±0. 0028 7 Pto � 8 psi a 
Pt /Pto ±0.00 1 26 >30 ±0. 00351 ±0.00433 Plo = 8-30  psi a 
±0.00 1 74 ±0.0058 1 ±0.00678 Pt.., = 30-45 psi a 
R, ±0.00047 >30 ±0.00094 0-8 i n. 
A, ±0.0084 >30 ±0.0 1 7 at At = 25 sq  i n. 
±0.0 15  ±0.030 at At = 80 sq i n. 
±0. 000263 ±0 .00263 ±0.00268 Pto � 8 psi a 
M ±0.001 1 8  >30 ±0.00328 ±0.00405 Plo = 8r3 0 psi a 





WI (Choked) ±0.0287 
±0.0208 
±0.0205 
W (Choked) ±0.0289 
±0.0208 -




CD REL ±0.0408 
±0.0294 
CD DEV, 













































Ptx, � 8 psia 
Ptx, = 8-30 psia 
Ptx, =30-45 psia 
Ptx, � 8 psia 
Ptx, = 8-30 psia 
Ptx, =30-45 psia 
Ptx, � 8 psia 
Ptx, = 8-30 psia 
Ptx, =30-45 psia 
Ptx, � 8 psia 
Ptx, = 8-30 psia 
Ptx, =30-45 psia 
Ptx, � 8 psia 
Ptx, = 8-J0 psia 
Ptx, =30-45 psia 
Ptx, � 8 psia 
Ptx, = 8-30 psia 
Ptx, =30-45 psia 
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